Normal age-related testosterone depletion in men is a recently identified risk factor for Alzheimer's disease (AD), but how androgen loss affects the development of AD is unclear. To investigate the relationship between androgen depletion and AD, we compared how androgen status affects the progression of neuropathology in the triple transgenic mouse model of AD (3xTg-AD). Adult male 3xTg-AD mice were sham gonadectomized (GDX) or GDX to deplete endogenous androgens and then exposed for 4 months to either the androgen dihydrotestosterone (DHT) or to placebo. In comparison to gonadally intact 3xTg-AD mice, GDX mice exhibited robust increases in the accumulation of ␤-amyloid (A␤), the protein implicated as the primary causal factor in AD pathogenesis, in both hippocampus and amygdala. In parallel to elevated levels of A␤, GDX mice exhibited significantly impaired spontaneous alternation behavior, indicating deficits in hippocampal function. Importantly, DHT treatment of GDX 3xTg-AD mice attenuated both A␤ accumulation and behavioral deficits. These data demonstrate that androgen depletion accelerates the development of AD-like neuropathology, suggesting that a similar mechanism may underlie the increased risk for AD in men with low testosterone. In addition, our finding that DHT protects against acceleration of AD-like neuropathology predicts that androgen-based hormone therapy may be a useful strategy for the prevention and treatment of AD in aging men.
Introduction
Advancing age is the most significant risk factor for the development of Alzheimer's disease (AD); however, the full range of age-related factors underlying this increased risk is not known. One recently identified age-related risk factor for AD in men is low testosterone (Pike et al., 2006) . Testosterone, the primary male sex steroid hormone, is depleted gradually as a normal consequence of aging (Morley, 2001) . Age-related loss of testosterone can manifest as a clinical syndrome of dysfunction and increased vulnerability to disease in androgen-responsive tissues (Morley, 2001 ). The brain is androgen-responsive, exhibits agerelated testosterone depletion (Rosario et al., 2004) , and is vulnerable to senescent effects of androgen loss (Janowsky, 2006) . Recent studies show that men with AD have significantly lower testosterone levels than aged men without AD (Hogervorst et al., 2001) , suggesting that one neural effect of age-related testosterone loss in men is increased risk for AD. Importantly, testosterone depletion appears to occur well before clinical (Moffat et al., 2004) and neuropathological (Rosario et al., 2004 ) diagnosis of AD, suggesting that low testosterone contributes to AD pathogenesis rather than results from it.
How testosterone depletion increases the risk of AD remains to be established. Androgens exert several actions in brain potentially associated with protection against AD, including neuroprotection (Pike, 2001 ) and attenuation of tau hyperphosphorylation (Papasozomenos, 1997) . In addition, recent experimental findings indicate that androgens may reduce levels of soluble ␤-amyloid (A␤) (Goodenough et al., 2000; Gouras et al., 2000; Ramsden et al., 2003) , the protein widely implicated in the initiation of AD pathogenesis (Hardy and Selkoe, 2002) . In aged men circulating levels of testosterone are correlated inversely with plasma levels of A␤ (Gillett et al., 2003) . Furthermore, prostate cancer therapy that depletes endogenous androgens and antagonizes androgen signaling results in elevated plasma levels of A␤ (Gandy et al., 2001; Almeida et al., 2004) . Together, these studies establish a correlation between low testosterone and elevated A␤ levels, a finding consistent with the possibility that testosterone depletion in aging men may act as a risk factor for AD by increasing neural accumulation of A␤.
To investigate further the relationship between testosterone and AD, we assessed how the development of AD-like neuropathology in a triple transgenic mouse model of AD (3xTg-AD) (Oddo et al., 2003) is affected by androgen status. We report that androgen depletion in male 3xTg-AD mice significantly accelerates both A␤ deposition and behavioral impairment, effects that are prevented by androgen treatment. These data represent the first experimental evidence directly linking androgen depletion to the development of AD-like neuropathology.
Materials and Methods
Animals and hormone treatment. Colonies of male homozygous 3xTg-AD (APP swe , PS1 M146V , tau P301L ) (Oddo et al., 2003) and wild-type (B6129SF2/J; The Jackson Laboratory, Bar Harbor, ME) mice were bred and maintained in our vivarium, where they were housed individually under a 12 h light/dark schedule with ad libitum access to food and water. At age 3 months the mice (n ϭ 6 -8/group) under pentobarbital (50 mg/kg) anesthesia either were gonadectomized (GDX) to deplete endogenous testosterone or were sham GDX and were implanted immediately with a subcutaneous 90 d continuous-release hormone pellet (Innovative Research of America, Sarasota, FL) containing either 10 mg of dihydrotestosterone (DHT) or vehicle; animals received a second pellet 90 d later. At 4 months after initiation of hormone treatment, or at 3, 7, and 13 months of age for nontreatment groups, the animals were killed, and brains were collected, immersion-fixed in fresh 4% paraformaldehyde/ 0.1 M PBS for 48 h, and then stored at 4°C in 0.1 M PBS/0.2% sodium azide. Efficacy of androgen manipulations was assessed at the time of death by weighing dissected and blotted seminal vesicles.
Immunohistochemistry. Fixed hemibrains were sectioned (40 m) exhaustively in the horizontal plane with the use of a vibratome and then immunostained by using a standard protocol. Briefly, free-floating sections were immunolabeled with antibodies directed against A␤ (#71-5800, 1:300 dilution; Zymed, San Francisco, CA) and A␤ precursor protein (APP) C-terminal fragments (CTFs) (anti-APP-CT20, 1:16,000 dilution; Calbiochem, La Jolla, CA), using ABC Vector Elite and DAB kits (Vector Laboratories, Burlingame, CA). Before A␤ immunostaining the sections were pretreated for 5 min with 95% formic acid to enhance immunoreactivity.
Quantification of immunoreactivity. High-magnification fields from immunolabeled sections were digitized with a video capture system and then thresholded with NIH Image 1.61 software to separate positive and negative immunolabeling and to permit calculation of immunoreactive load, the percentage of area occupied by immunoreactive label. Mean load values were determined by sampling two to three non-overlapping representative fields from each brain region of interest (subiculum, hippocampus CA1, amygdala, and frontal cortex) in five separate sections per animal. Using this imaging technique, we also quantified load values for individual extracellular plaques (defined below) from 16 -20 A␤-immunostained sections per animal.
Quantification of extracellular plaques. Plaques were defined as extracellular A␤-immunoreactive deposits that exhibited a spherical shape and morphology distinct from intraneuronal A␤ immunoreactivity. For quantification 16 -20 A␤-immunostained sections (beginning from dorsal hippocampus, ϳ160 -200 m apart) per brain were examined under light microscopy, and the total number of extracellular plaques was counted. Also, the area of each plaque was measured with NIH Image 1.61 software.
Spontaneous alternation behavior. Approximately 1 week before being killed, all mice were tested for spontaneous alternation behavior (SAB) in a Y-maze, a hippocampal-dependent task of working memory. Arm choices (both front and hind paws entering arm) were recorded while animals freely explored the maze for 8 min. Mice that made 10 or fewer arm choices were excluded; only two animals across all groups were excluded. The SAB score was calculated as the proportion of alternations (an arm choice differing from each of two previous choices) to the total number of alternation opportunities (total arm entries, two), as described by King and Arendash (2002) . For example, the arm choices A-A-B-C-B-B-A-C-C would be scored as two alternations (ABC and BAC) of seven opportunities (9 Ϫ 2 ϭ 7).
Statistical analyses. Raw data were analyzed by ANOVA, followed by between-group comparisons with Fisher's least significant difference test.
Results

Male 3xTg-AD mice show age-dependent increases in A␤ accumulation
In agreement with previous observations in the 3xTg-AD mouse (Oddo et al., 2003) , we observed an age-dependent increase in A␤ that appeared to begin with neuronal accumulation and progress to extracellular deposition. Specifically, sham GDX male mice showed very low levels of neuronal A␤ immunoreactivity at age 3 months that increased substantially by age 7 months, with relative abundance in the following order: subiculum Ͼ amygdala Ͼ CA1 region of hippocampus ( Fig. 1) . A␤ immunoreactivity was absent or present at comparatively low levels in frontal cortex at these time points (data not shown). Quantification of immunoreactive load confirmed a progressive age-dependent increase in A␤ accumulation across all three examined brain regions (Fig.  1 D, H,L) . Extracellular plaque-like deposits appeared in some animals by age 7 months and in all animals by age 13 months (F ϭ 12.6; p Ͻ 0.01), being most abundant in subiculum (Fig. 1C) .
Androgen depletion accelerates A␤ accumulation
So that the effect of androgen status could be investigated on the development of neuropathology, male 3xTg-AD mice were depleted of endogenous androgens by GDX at age 3 months and treated immediately with DHT or placebo. To assess the efficacy of these experimental manipulations, we measured seminal vesicle weight, a bioassay of androgen status. Seminal vesicle weight was decreased significantly in the GDX group and significantly increased above sham GDX levels in the GDX plus DHT group, suggesting supraphysiological DHT replacement (sham GDX ϭ 83.2 Ϯ 9.9 mg, GDX ϭ 15.8 Ϯ 4.7 mg, and GDX plus DHT ϭ 149 Ϯ 24 mg; F ϭ 21.6; p Ͻ 0.001).
If androgen loss is a risk factor for AD in men, then experimental androgen depletion in male 3xTg-AD mice should accelerate the development of AD-like neuropathology. Consistent with this prediction, we observed that GDX 3xTg-AD mice exhibited a robust increase in A␤ load in comparison to agematched sham GDX mice (Fig. 2) . Importantly, DHT treatment of GDX animals completely prevented the increase in A␤ load in subiculum, CA1, and amygdala (Fig. 2) .
We also determined how androgens affect extracellular A␤ deposition by comparing the number, load, and area of plaques across hormone conditions. Although there are few extracellular A␤ deposits at age 7 months, both the number (F ϭ 4.3; p Ͻ 0.05) and load (F ϭ 4.6; p Ͻ 0.05) of A␤ plaques were increased significantly in GDX 3xTg-AD animals in comparison to sham GDX animals, effects that were prevented by DHT treatment. In contrast, the mean plaque area did not vary across the sham GDX, GDX, and GDX plus DHT groups (F ϭ 1.01; p ϭ 0.36), suggesting that androgen status does not affect plaque size significantly.
Androgen depletion does not affect accumulation of APP CTFs
Previous work demonstrated that A␤ immunoreactivity in 3xTg-AD mice mainly represents oligomeric A␤ species rather than CTFs of APP (Oddo et al., 2006) . Both to verify this finding and to evaluate the potential effect of androgen status on CTF levels, we assessed CTF immunoreactivity across all groups. We found that, in contrast to the punctate appearance of A␤ immunoreactivity in 3xTg-AD mice (Fig. 3C) , CTF immunoreactivity is more even in appearance and mainly restricted to the cell perimeter (Fig. 3B) . Although more abundant than levels in wildtype mice (Fig. 3A) , CTF immunoreactivity in sham GDX 3xTg-AD mice did not show a significant change with increasing age in subiculum, CA1 (Fig. 3D-G) , or amygdala (data not shown). Notably, androgen status did not alter CTF immunoreactive load significantly (Fig. 3H ) .
Androgen depletion worsens behavioral performance in 3xTg-AD mice Next we evaluated the effects of aging and androgen status on behavioral performance in the 3xTg-AD mice, using SAB, a hippocampal-dependent behavior. We observed that, in comparison to wild-type mice, 3xTg-AD mice showed significantly impaired SAB that was apparent by age 7 months and mildly worse by age 13 months (Fig. 4 A) . Importantly, androgen status significantly affected SAB; androgen depletion in GDX mice worsened performance, and this effect was prevented by DHT treatment (Fig. 4 B) . To confirm that androgen regulation of SAB in 3xTg-AD mice reflected androgen-induced effects on neuropathology rather than on behavior, we also assessed the effects of androgen depletion on SAB in wild-type male mice. SAB scores of GDX wild-type mice (69.0 Ϯ 8.2) were not significantly different from sham GDX wild-type mice (73.1 Ϯ 7.7; p ϭ 0.09). Finally, there were no significant group differences in the number of arm entries (F ϭ 0.46; p ϭ 0.64), suggesting that activity levels were similar across the conditions.
Discussion
Recent studies in humans have implicated normal age-related testosterone depletion in men as a risk factor for the development of AD (Pike et al., 2006) . In this study we report the first experimental investigation of this risk factor with the use of an animal model of AD. Specifically, we evaluated two hypotheses: (1) experimental androgen depletion should increase development of neuropathology, and (2) androgen treatment should prevent this acceleration of neuropathology. Consistent with the proposed regulatory role of androgens in AD pathogenesis, we observed that depletion of endogenous androgens in adult male 3xTg-AD mice significantly accelerated the accumulation of A␤ and, in parallel, behavioral impairment. Importantly, acceleration of both pathologies was prevented by continuous treatment with the androgen DHT, although at apparently supraphysiological levels. Together, our results demonstrate that androgens regulate the development of AD-like neuropathology.
Androgens are endogenous regulators of A␤
Although AD pathogenesis remains to be elucidated fully, the disease appears to be initiated by genetic and environmental factors that ultimately result in increased neural accumulation of A␤ (Hardy and Selkoe, 2002 ). Our data demonstrate that depletion of endogenous androgens robustly increases A␤ accumulation in brain, suggesting not only that normal androgen function is a regulator of neural A␤ levels but also that the loss of this function can promote AD pathogenesis. Our findings are consistent with an emerging literature on sex steroid hormones and A␤. For example, estrogen alters metabolism (Jaffe et al., 1994) and trafficking (Greenfield et al., 2002) of APP, yielding reduced A␤ levels in cultured cells (Xu et al., 1998) and wild-type rodents (Petanceska et al., 2000) by a mechanism that involves MAPK (mitogen-activated protein kinase) (Manthey et al., 2001 ) and/or PKC (protein kinase C) (Zhang et al., 2005) signaling and may interact with other risk factors for A␤ accumulation including zinc (Lee et al., 2004) . Additionally, A␤ accumulation in females from some mouse models of AD is increased after estrogen depletion induced by aromatase knock-out (Yue et al., 2005) or ovariectomy (Levin-Allerhand et al., 2002; Zheng et al., 2002) . Testosterone also can alter APP processing and reduce A␤ levels in cultured cells (Goodenough et al., 2000; Gouras et al., 2000) . In adult male rats GDX increases brain levels of soluble A␤, an effect prevented by the non-aromatizable DHT, but not by estrogen (Ramsden et al., 2003) . It remains unclear to what extent androgens regulate A␤ in female animals.
There is evidence that androgens also regulate A␤ in men. For example, anti-androgen therapy for the treatment of prostate cancer is associated with increased levels of soluble A␤ in plasma (Gandy et al., 2001; Almeida et al., 2004) . One concern is that anti-androgen therapy decreases both testosterone and estrogen levels, making it unclear which hormone or hormones are predominantly responsible for regulating A␤. However, in aged men not undergoing anti-androgen therapy, plasma A␤ levels inversely correlate with testosterone levels, but not with estrogen levels (Gillett et al., 2003) . The mechanism or mechanisms by which androgens regulate A␤ are not known. Testosterone can mediate cellular effects by three general pathways that are not mutually exclusive: activation of androgen receptor-dependent pathways, indirect activation of estrogen pathways via aromatization to estradiol, and modulation of gonadotropin actions via regulation of the hypothalamicpituitary-gonadal axis. Previous studies provide evidence that the observed androgen regulation of A␤ may involve individual or combined effects by all three pathways. Androgens are reported to regulate A␤ levels by estrogen-independent androgen pathways in male rodents (Ramsden et al., 2003) as well as by indirect estrogen-mediated APP metabolism in cultured cells (Goodenough et al., 2000) . Also, recent work by Bowen and colleagues (2004) indicates A␤ regulation by the gonadotropinluteinizing hormone. Although future studies will be necessary to distinguish which of these pathways contribute to the present androgen effects, our finding that DHT treatment prevented the acceleration of AD-like neuropathology in GDX 3xTg-AD mice is consistent with an estrogen-independent mechanism, because DHT is not aromatized to estrogen. However, a recent report suggests that the DHT metabolite 5␣-androstan-3␤, 17␤-diol can have agonist actions on estrogen receptor ␤ (Lund et al., 2006) . Regardless of the underlying mechanism or mechanisms, our results clearly demonstrate that a loss of androgens leads to an increase in A␤ accumulation.
Androgens regulate progression of cognitive impairment
Because androgens regulate A␤ accumulation and A␤ impairs cognitive function, androgens are predicted to affect the development of cognitive dysfunction. Previous work has established that, without causing neuron death, A␤ can disrupt the synaptic plasticity necessary for normal cognitive functions, including learning and memory (Walsh and Selkoe, 2004) . In 3xTg-AD mice an accumulation of A␤ does not appear to cause significant neuron loss but does impair long-term potentiation (Oddo et al., 2003) and various measures of behavioral performance (Billings et al., 2005) . In this study A␤ was observed to accumulate at significant levels in limbic regions by age 7 months, the same time point at which hippocampal-dependent SAB became impaired. Prevention of A␤ accumulation in 3xTg-AD mice attenuates behavioral impairments (Billings et al., 2005) , strengthening the link between A␤ accumulation and behavioral performance in this model. Thus our observation that DHT treatment blocked the GDX-induced decrease in SAB suggests that the androgen effect was mediated by regulation of A␤ accumulation. Arguing against a significant direct androgen effect on SAB was our observation that androgen status did not affect SAB in wild-type mice.
In both rodent and human studies androgens can exert beneficial cognitive effects (Cherrier et al., 2005; Janowsky, 2006) . For example, in transgenic mice overexpressing the AD genetic risk factor apolipoprotein E4, females exhibit cognitive deficits that are prevented by testosterone, whereas males exhibit deficits only if treated with an androgen receptor antagonist (Raber et al., 2002) . Interestingly, chronic androgen depletion in male apolipoprotein E4 mice impaired performance on some behavioral tasks but improved performance on others (Pfankuch et al., 2005) , suggesting a complex relationship among androgens, apolipoprotein E, and behavior. In men with clinically significant age-related testosterone depletion, androgen supplementation can improve mood and some cognitive abilities (Alexander et al., 1998) . In contrast, reduction of androgen and estrogen levels and/or inhibition of androgen signaling by anti-androgen prostate cancer therapies can impair some aspects of cognition (Green et al., 2002; Salminen et al., 2005) . Interestingly, discontinuation of anti-androgen treatment resulted in restored plasma testosterone levels that correlated with improved cognitive performance on some tasks and reduced plasma levels of A␤ (Almeida et al., 2004) . Thus our findings extend a growing literature indicating that androgens can benefit cognitive abilities significantly by mechanisms that may include a reduction of A␤ levels.
Androgens and the prevention of Alzheimer's disease Androgen loss, which occurs as a consequence of normal aging in men, can promote disease and dysfunction in androgenresponsive tissues including the brain (Morley, 2001 ). Recent studies have linked age-related testosterone depletion with increased risk of AD (Hogervorst et al., 2001; Moffat et al., 2004; Rosario et al., 2004 ). Our findings demonstrate that, in an animal model of AD, experimental depletion of endogenous androgens accelerates the development of both AD-like neuropathology and behavioral impairment. Importantly, our data also show that androgen treatment prevents the increase in pathology progression. These findings not only demonstrate a significant role of androgen depletion in AD pathogenesis but also predict that androgen-based therapeutics may function effectively in the prevention of AD. 
